Abstract: Densities of binary mixtures of 1-propanol, or 2-butanol, or 1-pentanol + cyclohexylamine were measured at temperatures from 288.15 to 313.15 K and atmospheric pressure, while the densities for the system 2-methyl-2-propanol + cyclohexylamine were measured at temperatures from 303.15 to 323.15 K and atmospheric pressure. All measurements were performed using an Anton Paar DMA 5000 digital vibrating-tube densimeter. From the experimental densities, the excess molar volumes, V E , were calculated.
INTRODUCTION
This study is a continuation of previous research dealing with the experimental determination or calculation of volumetric properties of binary and ternary mixtures containing different alcohols and aromatics, chlorinated aromatics or chlorinated alkanes. [1] [2] [3] [4] [5] [6] The intention of this study was to provide a set of volumetric data in order to assess the influence of temperature, as well as the structure of the alcohol molecule (position of the OH group and alcohol chain length) in mixtures with cyclohexylamine on the molecular interactions between them.
Mixtures of alcohols and primary amines are an interesting class of systems exhibiting very strong negative deviations from the Raoult law. From a theoretical viewpoint, the volumetric properties of these mixtures are an important source of information for the characterization of the interactions between the components and they are also useful for understanding the liquid state theory. In addition, alcohols and amines are widely used in a variety of industrial and consumer applications and hence, knowledge of their physical properties is also of great importance from a practical point of view. Alcohols are in use as fuel, perfumes, cosmetics, paints, varnishes, drugs, explosives, fats, waxes, resins, plastics, rubber, detergents, etc., [1] [2] [3] while cyclohexylamine is used in the production of pharmaceutical and other chemicals, including insecticides, pesticides, plasticizers, emulsifying agents, dyes, dry cleaning agents and corrosion inhibitors. 7 In the present work, the densities, ρ, were measured for the following systems: 1-propanol, or 2-butanol, or 1-pentanol + cyclohexylamine at temperatures from 288.15 to 313.15 K and atmospheric pressure, and 2-methyl-2-propanol + cyclohexylamine at temperatures from 303.15 to 323.15 K and atmospheric pressure, since the melting point of 2-methyl-2-propanol is around 298 K. The excess molar volumes, V E , of the investigated mixtures were calculated from the measured data.
Literature data of V E values for the investigated systems cover a single temperature, 303.15 K. 8 In the hitherto published articles, no values of V E were found covering the entire temperature range of the mixtures studied here.
For a complete insight into the behavior of alcohol + cyclohexylamine mixtures, the 1-butanol + cyclohexylamine system 9 was also included in the analysis.
EXPERIMENTAL

Materials
All products were of high purity (mass fraction purity > 0.99) and were used without further purification: 1-propanol > 0.995, 1-butanol > 0.995, 2-butanol > 0.99 and cyclohexylamine > 0.99 were supplied from Merck, while 2-methyl-2-propanol > 0.997 and 1-pentanol > > 0.99 were products from Fluka. All organic liquids were stored in brown glass bottles under an inert nitrogen atmosphere. The pure components were degassed in an ultrasonic bath immediately before sample preparation. The densities of the pure components together with the corresponding literature values [10] [11] [12] [13] [14] [15] are listed in Table I . 
Apparatus and procedure
The density measurements of the binaries (1-propanol, or 1-pentanol, or 2-butanol, or 2-methyl-2-propanol + cyclohexylamine) and the corresponding pure substances were realized using an Anton Paar DMA 5000 digital vibrating U-tube densimeter (with automatic viscosity correction) having an accuracy of ±5×10 -6 g cm -3 . The temperature in the cell was controlled to ±0.001 K with a built-in solid-state thermostat. The temperature in the cell was measured by means of two integrated Pt 100 platinum thermometers and the temperature stability was DETERMINATION OF EXCESS VOLUMES OF MIXTURES 1305 found to be better than ±0.002 K. The apparatus was calibrated daily using ambient air and ultra pure water. To minimize the errors in composition, all mixtures were prepared by mass using the cell and the procedure described previously. 16, 17 A Mettler AG 204 balance with a precision of 1×10 -4 g was used. The error in the calculation of the mole fraction was found to be less than ±1×10 -4 . The experimental uncertainty in the density was less than ±1×10 -5 g cm -3 , while the average error in the excess molar volume was estimated to be better than ±3×10 -3 cm -3 mol -1 .
RESULTS AND DISCUSSION
The excess molar volumes, V E , of binary mixtures were calculated from the density data by applying Eq. (1) (the values are given in Table II) :
where x 1 , x 2 , M 1 and M 2 are the mole fraction and molar mass of components 1 and 2, respectively, while ρ, ρ 1 and ρ 2 are the measured densities of the mixture and the pure components 1 and 2, respectively. The obtained V E values were fitted to a modified Redlich-Kister (RK) polynomial, 18 whereby the degree of polynomial expansion, m, was determined by means of the F-test:
where B p denotes the temperature dependent parameter:
where T is the absolute temperature. Additional analysis showed that the optimal number of parameters k was 3, because any further increase in the number of parameters did not result in an improvement of the fit quality.
The results were also fitted and explained using the reduced excess molar volume, V E /x 1 (1 -x 1 ), which has a better physical significance and is more sensitive than V E to interactions which occur in dilute regions. 20
where the optimal number of parameters A n was 3.
The unique sets of adjustable parameters B pq over whole temperature range and adjustable parameters A n of Eq. (4) are given in Table III and Table IV , respectively. In Eq. (5), Y stands for V E and V E /x 1 (1 -x 1 ) , while N denotes the number of experimental data points. The results of ρ and V E for the investigated binaries, in the investigated temperature range and over the entire concentration range, are summarized in Table  II , while Fig. 1 shows the dependence V E -x 1 for all systems measured in this work and for 1-butanol + cyclohexylamine 9 at the temperature 303.15 K. The symbols in Fig. 1 present the experimental V E values, while the solid lines refer to the values calculated from the modified Redlich-Kister equation using the B pq parameters given in Table III .
The ρ and V E data taken from literature for the systems studied cover only 303.15 K. 8 For the 1-pentanol + cyclohexylamine binary system, the agreement between the presented and the literature values is very good, while the experimental points of Dharmaraju et al. 8 taining 1-propanol, or 2-butanol, or 2-methyl-2-propanol and cyclohexylamine are somewhat higher. In minimum region, at equimolar composition, the discrepancy between the present determined and the literature values is about 10 % for 1-propanol, or 2-methyl-2-propanol + cyclohexylamine, and 15 % for the 2-butanol + cyclohexylamine system. The experimental V E /x 1 (1 -x 1 ) values and those calculated by Eq. (4) at 303.15 K are plotted in Fig. 2 as a function of the mole fraction of an alcohol.
The non-linear curves obtained for all investigated systems clearly show their non-ideal behavior. (2); () 2-methyl--2-propanol (1) + cyclohexylamine (2) . The symbols refer to the experimental points, while the lines present the results calculated using Eq. (2) with the parameters presented in Table III. The magnitude and the sign of V E can arise from two opposing factors: 21 (i) the positive contribution is a consequence of the disruption of the hydrogen bonds in the self-associated alcohol and the dipole-dipole interactions between alcohol monomer and multimer. The self-association of the amine molecules is rather small; (ii) negative contributions arise from strong intermolecular interactions attributed to charge-transfer, dipole-dipole interactions and hydrogen bonding between unlike molecules. Hence, the negative V E values of the investigated systems assume that heteroassociates forming cross complexes in the alcohol + amine mixtures have stronger O-H···N bonds than O-H···O and N--H···N bonds. This can be explained qualitatively by the fact that the free electron pair around the N atoms with less s and more p character has a higher polarizability and acts as a good proton acceptor for the donor -OH groups of the alcohols, which are more efficient than the -OH group itself. The negative sign of V E indicates a net packing effect contributed to by structural changes arising from interstitial accommodation. As can be seen from (2) . The symbols refer to the experimental points, while the lines present the results calculated using Eq. (4) with the parameters presented in Table IV. lar hydrogen bonding of cyclohexylamine with 1-propanol is much stronger than with the other higher 1-alcohols in the following order: 1-propanol > 1-butanol > 1-pentanol. These strengths of the interaction OH···NH 2 bonds suggest that the proton donating ability of 1-alcohols is of the same order. Namely, longer 1-alcohols would increase the basicity of the oxygen and make the hydroxyl proton less available for H bonding. In addition, it means that the most efficient packing can be attributed to the lower alcohol, which decreases with increasing chain length of 1-alcohol, where the packing effects are the result of their lower self-association (higher breaking of their H bonds) and the fact that the crowded molecules of amine, as a consequence of steric hindrance, are better packed in the more open structure of the longer alcohols. Also, the effect of increasing chain length of the 1-alcohol for a given amine can be considered using the effective dipole moment. Bearing in mind the discussions given in previous works referring to 1-alcohols and various amines, it can be concluded that in the present systems the following behavior could be expected. In the systems of 1-alcohols with cyclohexylamine, the absolute value of the V E decreases with decreasing effecttive dipole moment of the alcohol. The trend in the negative values of V E for mixtures of cyclohexylamine with branched alcohols (2-butanol, 2-methyl-2-propanol) (Table II) compared to 1-butanol 9 is in the order: 1-butanol > 2-methyl-2-propanol > 2-butanol, suggesting that the interactions between tertiary alcohol and cyclohexylamine are stronger than between the secondary alcohol with cyclohexylamine, which in turn are stronger than the interactions between the primary alcohol and the amine. 8 The results shown in Fig. 1 indicate that V E of the mixture with 2-methyl-2-propanol are more negative than those with 2-butanol. Qualitatively, this could be explained by the fact that the oxygen atom of 2-methyl-2-propanol should be regarded as a better acceptor towards the NH proton of the amine than the oxygen atoms of the 2-butanol. Also, the system with 2-methyl-2-propanol suggests that the steric hindrance of the tert-butyl group tends to hamper the complex less than with 2-butanol. This is a consequence of a predominating electrometric effect (+I effect) over steric effect in 2-methyl-2-propanol. 8, 22 The influence of temperature on the V E for the systems containing 1-propanol, or 1-butanol, 9 or 1-pentanol, or 2-butanol is almost negligible and the V E values become only slightly more negative with increasing temperature. Only in the case of 2-methyl-2-propanol system was the influence of temperature more expressed. These facts can possibly be explained as a balance of two opposing effects caused by an increase in the kinetic energy of the different molecules: (i) the association constants of mixed complexes decrease with increasing temperature and the OH-N interactions decrease, (ii) the number of species increases after breakage of the complexes and (iii) the interstitial accommodation of one molecule into the other is facilitated. Thus, the effects (i) give an increase of V E , while the effects (ii) and (iii) cause a decrease of V E .
CONCLUSIONS
The densities of the binary mixtures (1-propanol, or 1-pentanol, or 2-butanol, or 2-methyl-2-propanol + cyclohexylamine) were measured in the temperature range 288.15-323.15 K at atmospheric pressure and the excess molar volumes V E were calculated.
For all the investigated binary systems and the system with 1-butanol, 9 the negative values of V E for the mixtures of cyclohexylamine with 1-alcohols lie in the order 1-propanol>1-butanol>1-pentanol. The value of V E absolutely decreases when the chain length of the 1-alcohol molecules increases. The negative values of V E in the mixtures of the same amine with branched alcohols compared to 1-butanol 9 are in the order: 1-butanol > 2-methyl-2-propanol > 2-butanol, suggesting that the interactions of tertiary alcohols are stronger than those of secondary alcohols in mixtures with cyclohexylamine. It is clear that the magnitude of V E depends on the chain length of the alcohol and position of hydroxyl group in the alcohol molecule.
